Introduction
Pbx1 is a homeodomain (HD) protein ®rst identi®ed as the chromosome one participant of the t(1;19) translocation, which is found in 20% of pediatric pre-B cell acute lymphocytic leukemia (ALL; Kamps et al., 1990; Nourse et al., 1990) . The 3' portion of the PBX1 gene, including the homeobox, is fused to the 5' portion of the E2A gene, which encodes two transactivation domains. The resulting chimeric protein, E2A-Pbx1, induces myeloblastic and T-lymphoblastic leukemias in mice, blocks dierentiation of primary cultured myeloblasts without altering factor dependence, and induces foci in NIH3T3 ®broblasts (Kamps et al., 1990; Kamps and Baltimore, 1993; Dedera et al., 1993) . In the same assays, Pbx1 has no transforming potential, and because disruption of the transactivation function of E2a abolishes all forms of transformation by E2a-Pbx1, E2a-Pbx1 is suggested to induce transformation by transcriptional activation of speci®c cellular genes (Van Dijk et al., 1993; LeBrun and Cleary, 1994; Lu et al., 1994) . Interestingly, DNAbinding by the Pbx1 HD is not required for the focusforming ability of E2A-Pbx1 nor for its ability to induce T-cell ALL (Monica et al., 1991; Kamps et al., 1996) , even though it remains important for the ecient ability of E2a-Pbx1 to block myeloid dierentiation. This suggests that E2A-Pbx1 activates transcription of two distinct subsets of genes, one that mediates growth stimulation and a second that disrupts dierentiation.
The Pbx gene family is comprised of Pbx1, Pbx2, and Pbx3, all of which exhibit ubiquitous expression except for Pbx1, which is not expressed in the B and T cell lineages (Monica et al., 1991; Roberts et al., 1995) . While the internal 75% of Pbx proteins, which includes the HD, are highly conserved, the N-and C-terminal ends of Pbx proteins are divergent, implying that these regions mediate unique functions. Extradentical (Exd) is a Pbx homolog in D. Melanogaster that binds DNA cooperatively with several homeotic selector proteins (Rauskolb et al., 1993; Rauskolb and Wieschaus, 1994; van Dijk and Murre C, 1994) , and together with these HD proteins, induces appropriate transcription of differentiation genes. This observation laid the foundation for the subsequent discovery that Pbx1 exhibits cooperative DNA-binding with the mammalian homologs of the HOM-C proteins, the Hox proteins, as well as with the Engrailed family of HD proteins. To date, all DNAbinding properties of E2A-Pbx1 have been found to be identical to those of normal Pbx proteins (Lu et al., 1995) . Both Pbx1 and E2A-Pbx1 dimerize with Class I Hox proteins on half-sites in the motifs, TGATTGAT, TGATTAAT, and TGATTTAT, in which the Pbx1 protein binds the 5' TGAT core, and the Hox protein occupies the 3' TGAT, TAAT, or TTAT cores (Chang et al., 1996; Knoep¯er et al., 1996; Lu and Kamps, 1997) . Both Pbx1 and Pbx2 exhibit identical DNA-binding pro®les for various DNA motifs. Separation of the tetrameric cores by even a single base insertion disrupts complex formation for combinations of all Hox proteins with either E2a-Pbx1 or Pbx1 (Chang et al., 1996; Knoep¯er et al., 1996) . Heterodimerization of Hox proteins with either Pbx1 or E2a-Pbx1 requires the Hox HD and a tryptophane-containing N-terminal peptide motif Chang et al., 1995; Phelan et al., 1995; Knoep¯er and Kamps, 1995; Neuteboom et al., 1995; Peers et al., 1995) and requires the Pbx HD and 17 C-terminal residues, which are retained in E2a-Pbx1 and are highly conserved among Pbx family members (Chang et al., 1995; Lu and Kamps, 1996) . In these complexes, interaction of the Hox Nterminal peptide motif with either Pbx1 or E2a-Pbx1 alters the DNA-binding speci®city of the Hox protein at position 2 of its four base-pair core, from TAAT to either TGAT or TTAT (Chang et al., 1996; Lu and Kamps, 1997) ; however, the Hox protein retains inherent DNAbinding speci®city for the dinucleotide GG, GA, TG, or TA 3' to the Hox core (Knoep¯er et al., 1996) .
Pbx/Hox motifs are proposed to be bound by Pbx/ Hox heterodimers in vivo and are required for expression of tissue speci®c genes. Pbx/Hox heterodimers are thus hypothesized to be important regulators of dierentiation. For example, the HoxB1 promoter contains three repeats ± TGATGGAT, AGATTGAT, and TGATTGAA ± that are required for expression in rhombomere 4 of the hindbrain, and are bound by Pbx and a factor proposed but not proven to be HoxB1 itself (Popperl et al., 1995) . During retinoic acid (RA)-induced neuronal differentiation of embryonal carcinoma cells, both Hox gene expression and Pbx protein production is strongly upregulated, suggesting that RA controls the formation of potential Pbx and Hox heterodimers by regulating their temporal and spatial coexpression (Knoep¯er and . In the somatostatin promoter, a Pbx-STF-1 heterodimer binds the sequence TGATTAAT, an element that contributes to expression of somatostatin in pancreatic islet cells and cotransfection of vectors expressing E2A-Pbx1 and STF-1 activates reporter gene expression synergistically through this element. In vitro, both Pbx1 and E2a-Pbx1 heterodimerize with STF-1 on this TGATTAAT element (Peers et al., 1995) . Pbx1 and a hitherto unidenti®ed partner also bind a cAMP-inducible regulatory element (TTGATGGACA) within the promoter of the human CYP17 gene that is related to both the PRS and the elements within the HoxB1 promoter (Kagawa et al., 1994) .
In spite of the fact that E2a-Pbx1 and normal Pbx proteins exhibit identical abilities to heterodimerize with Hox proteins in vitro, as well as identical DNAbinding speci®cities as heterodimers with Hox proteins in vitro, the Pbx-Hox motif, TGATTGAT binds an abundant Pbx-containing complex in nuclear extracts from t(1;19) cells, but fails to bind E2a-Pbx1 (Lu et al., 1994) , and the alternative Pbx-Hox motifs, TGATTAAT and TGATTTAT, fail to bind this complex substantially. This suggested that a Pbx heterodimer partner exists in pre-B cells that is biochemically distinct from Class I Hox proteins by virtue of its ability to discriminate between E2a-Pbx1 and Pbx proteins, and opened the possibility that Pbx proteins might heterodimerize with other factors whose DNA sequence speci®city diers from that of Hox proteins. At the level of leukemogenesis by E2a-Pbx1, the existence of such an activity would indicate that the biochemical targets of E2a-Pbx1 in pre-B cells may be restricted to a subset of genes transcriptionally regulated by Pbx motifs in which the heterodimer partner retains an ecient ability to dimerize with E2a-Pbx1.
Here we provide evidence that this widely expressed cellular factor is a nuclear protein that diers fundamentally from Class I Hox proteins by its selective anity for heterodimerizing with Pbx proteins (one of which is Pbx2) on TGATTGAC, a sequence that is incapable of eciently assembling PbxHox heterodimers. While E2a-Pbx1 in t(1;19) cell nuclear extract failed to bind TGATTGAC in conjunction with this cellular factor, it eciently bound the TGATTGAT motif when an exogenous Hox partner was added, demonstrating that E2a-Pbx1 is present and active in such extracts. Similarly, while Figure 1 Antibodies to Pbx1 or E2a-Pbx1 can be used to immunoanity purify complexes containing DNA, Pbx proteins, and heterodimer partners. The ability of antisera to E2a (lanes 1 ± 9) or Pbx1 (RPa; lanes 10 ± 12) were tested for their ability to immunoprecipitate exogenously added [ 35 S]-labeled Hox-A5 from a mixture of speci®c wild type oligonucleotide (lanes, 2, 5, 8, and 11) or mutant oligonucleotide (lanes 3, 6, 9, and 12) and 697 pre-B cell nuclear extract (NE), which supplied endogenous E2a-Pbx1 and Pbx proteins (lanes 1 ± 6 and 10 ± 12), or Nalm-6 NE (lanes 7 ± 9) which supplied endogenous Pbx proteins. Reactions were also conducted in the absence of added DNA (lanes 1, 4, 7, and 10) or with a DNA-binding mutant of Hox-A5 (Hox-A5WA), containing a typtophan to alanine conversion at residue 135 (lanes 4, 5, and 6) Figure 2 TGATTGAC is the most common motif selected by Pbx-containing nuclear complexes from the t(1;19) pre-B cell line, 697. Representation of each nucleotide as positions -1 to 13 of the PCE consensus element. All percentages displayed in the boxes are based upon this subgroup of 22 Figure 3 The PCE binds a Pbx-containing complex in 697 pre-B cells and in many other cell types. (a) Examination of the abundance of the PCE complex using EMSA and nuclear extracts from 15 human and mouse cell types designated above each lane. 3T3E designates NIH3T3 transformed by . Supershift analysis (even numbered lanes) was performed by addition of the cross-reactive anti-Pbx1 serum. (b) Analysis of the presence of Pbx proteins in the PCE complex. The ability of dierent anti-Pbx sera to supershift the PCE complex was tested in the absence (lanes 2, 4, 6, 8) or the presence (lanes 1, 3, 5, 7) of competing recombinant Pbx1b. The recombinant Pbx1b encodes a C-terminus that diers from that of Pbx1a, which is also contained in Pbx2 and Pbx3a, and which contains the peptide sequence used to generate the aPbx-123 serum. The antisera used for supershifting are cross-reactive anti-Pbx1 serum (RPb; lanes 4, 5), anti-peptide Pbx2-speci®c serum (aPbx-2; lanes 6, 7) and antipeptide Pbx-cross-reactive serum lanes 8, 9) . (c Pbx1:Hox:DNA complexes (data not shown). Therefore, both antibodies could be used as reagents to purify simultaneously both endogenous partners and DNA motifs that complex with Pbx proteins or with E2a-Pbx1. Using t(1;19) cell extract and either antiE2a-serum (lanes 1 ± 3) or RPa serum (lanes 10 ± 12), copuri®cation of 35 S-labeled HoxA5 was dependent upon speci®c addition of the Pbx-Hox motif, TGATTGAT (PRS; lanes 2, 11), with only background levels isolated in the absence of DNA (lanes 1, 10) or in the presence of a mutant version of the PRS (lanes 3, 12). Using identical conditions, a cooperative DNA-binding mutant of HoxA5 (HoxA5W179A) was not copuri®ed (lanes 4 ± 6). Nuclear extracts from Nalm-6 cells, which lack the t(1;19) translocation, were incapable of supplying the factor required for isolation of HoxA5 by anti-E2a serum in either the presence or absence of the TGATTGAT oligonucleotide (lanes 7 ± 9), but resulted in the ecient isolation of HoxA5 by RPa serum (not shown). Therefore, as formerly demonstrated for recombinant Pbx1 and E2a-Pbx1, endogenous E2a-Pbx1 and Pbx proteins in pre-B cells also heterodimerize with Hox proteins. This coimmunoprecipitation technique was therefore used to screen a random oligonucleotide library exposed to 697 cell nuclear extract in order to identify the optimal DNA motif bound by both Pbx proteins and E2a-Pbx1 in conjunction with endogenous cellular factors.
TGATTGAC is the motif speci®cally selected by Pbxcontaining nuclear complexes from the t(1;19) pre-B cell line, 697
Immunoprecipitation with RPa serum was used to anity purify oligonucleotides sequences from a pool of random oligonucleotides mixed with 697 cell nuclear extract and selected oligonucleotides were ampli®ed by PCR. This selection-ampli®cation procedure was repeated nine times. Sequence analysis of 48 selected oligonucleotides revealed that 22 oligonucleotides or 46% shared the same TGATTGAC motif with 0 ± 3 mismatches ( Figure 2 ). None of the selected oligonucleotides contained any previously-characterized Pbx-Hox motifs (TGATTGAT, TGATTAAT, or TGATTTAT). Seven oligonucleotides (15%) contained the exact TGATTGAC consensus. This site was termed the Pbx consensus element (PCE). The PCE was similar to all Pbx elements in its content of a 5' TGAT half-site, which is predicted to bind a Pbx protein, and was most related to a TGATTGAT Pbx-Hox motif in its 3' half-site, diering only in its content of cytosine at the fourth base (TGAC). No consensus motif for E2a-Pbx1 was identi®ed by using an anti-E2a serum in conjunction with this same selection protocol, or by using an antiepitope serum in conjunction with a protocol in which in vitro translated, epitope-tagged, E2a-Pbx1 was added exogenously to nuclear extracts, suggesting that the binding properties of E2a-Pbx1 with the PCE partner dier substantially from those of Pbx proteins.
The PCE binds a Pbx-containing complex in 697 pre-B cells as well as in many other cell types
The PCE bound an abundant complex in both human cell lines (697 and Nalm-6 pre-B cells, EW and BJAB B-cells, Jurkat T cells, HL60 myelomonocytic cells, 293T and HeLa epithelial cells, NT2 embryonic carcinoma cells and LA-N-5 neuroblastoma cells) and in murine cell lines (both undierentiated and dierentiated P19 cells, NIH3T3 ®broblasts, PC12 neuronal pheochromocytoma) that was quantitatively supershifted by RBb serum (see Materials and methods for description; Figure 3a ). 697 and Nalm-6-pre-B cells, BJAB and EW B cell, and Jurkat T cell nuclear extracts contained one band representing one or possibly multiple types of complexes, while nuclear extracts from most other cell lines (e.g. 293T) contained a second smaller complex. The fact that RPa serum was used to isolate the PCE while RPb serum was used to verify the presence of Pbx proteins bound to the PCE by supershift analysis strongly suggested that the PCE was selected as a Pbx-speci®c consensus binding motif. To address the unlikely possibility that antibodies in this serum might bind a totally unrelated transcription factor that recognized the PCE and therefore also supershifted this complex in EMSA, the ability of recombinant Pbx1 protein to block the ability of RPb sera to supershift the complex was examined. While recombinant Pbx1b did not block formation of the PCE complex ( Figure 3b , lane 3), it eliminated the ability of the RPb serum to supershift the PCE complex (lane 4). To demonstrate that the RPa serum bound bona ®de Pbx family members rather than a factor related to but distinct from Pbx proteins, an anti-peptide serum that bound speci®cally to Pbx2 (designated aPbx-2), and a second anti-peptide serum that bound a conserved sequence in the carboxyl terminus of Pbx1a, Pbx2, and Pbx3a (designated aPbx-123) were used in supershift analysis. Both antisera supershifted approximately 20% of the PCE complex (lanes 6 and 8). In neither case, was this supershift blocked by preincubation with recombinant Pbx1b protein (lanes 7 and 9), consistent with the facts that recombinant Pbx1b contains neither the unique Pbx2 peptide nor the`b' type carboxylterminal sequence. Addition of ®vefold more anti-Pbx2 serum did not induce the formation of a second shifted complex, suggesting that the complex is not a Pbx2 homodimer (data not shown).
The mobility of the PCE complex was similar to that of Pbx-Hox heterodimers, suggesting it is comprised of a dimers of a Pbx protein and a heretofore uncharacterized partner (Figure 3c, lanes 1, 2, and 4) . The mobility of the PCE complex was also surprisingly homogenous in light of a much broader range of mobilities of dierent Pbx-Hox complexes in this region of the gel (Lu et al., 1995) . For the purpose of its initial characterization, we designate this activity that heterodimerizes with Pbx proteins as NFPP, for nuclear factor Pbx partner'. This NE screen suggested that NFPP was not a Class I Hox protein because undierentiated P19 cells generally do not expresss Class I Hox genes. The PCE failed to bind a larger E2a-Pbx1-containing complex when mixed with nuclear extracts from 697 pre-B cells or from E2a-Pbx1-transformed NIH3T3 ®broblasts (Figure 3a, lanes 1, 2, 19, 20) , suggesting that E2a-Pbx1 fails to heterodimerize with NFPP. Both lines contained E2a-Pbx1 in their nuclear extracts, and the E2a-Pbx1-transformed NIH3T3 ®broblasts contained approximately ®ve times as much E2a-Pbx1 as did the 697 cells (Figure 3d , lanes 1 ± 4). Failure to heterodimerize with E2a-Pbx1 distinguished NFPP from Class I Hox proteins, which heterodimerize as eciently with E2a-Pbx1 as they do with Pbx proteins (Lu et al., 1995) .
Class I Hox proteins and NFPP exhibit dierent DNAbinding speci®cities
To compare the DNA-binding speci®cities of NFPP with that of Class I Hox proteins, the ability of recombinant Hox proteins to heterodimerize on the PCE was determined. All Class I Hox proteins tested (HoxA1, HoxA5, HoxB7, or HoxB8) failed to form heterodimers with Pbx1 on the PCE, while all formed heterodimers with Pbx1 on a TGATTGAT (PRS) element (Figure 4a) . To test the function of complexes that form on the PCE in vivo, CAT assays were performed in Nalm-6 pre-B cells using reporters driven by a 4X PCE element. The PCE did not activate basal transcription, was very poorly activated by E2a-Pbx1 Binding is expressed as a percentage relative to 100% for the abundance of the pre-B ALL complex formed on the PCE and 100% for the abundance of the Pbx : Hox complexes formed on the PRS. The composite motif indicated at left is identical to the PCE when the base at position 9 is a C, and identical to the PRS when the base at position 9 is T. All data for Pbx : Hox complex abundance are the average of Pbx complexation with HoxA1, HoxA5, and HoxB7 and in each case 2 ± 3 separate experiments were conducted, except for probes T6G, Ag-10/11CC and AG-10/11AC, which represent single data points. All data for in vivo complex abundances are the averages of 3 ± 5 separate experiments, except for probes T6G, AG-10/11CC, AG-10/11AC, and speci®cally PCE-A8G and PCE-AG-10/11-GA which represent single data points. The wild type probes of the PRS and PCE were as follows, with the ®rst base in case representing base number one for reference for base variants: PRS(TTGATTGATAG) and PCE(TTGATTGACAG) Figure 4b , lane 16), and orchestrated no cooperative transactivation by E2a-Pbx1 plus Hox proteins (lanes 17 and 18). In contrast, Pbx-Hox heterodimer elements orchestrated ecient cooperative transactivation by E2a-Pbx1 plus Hox proteins (lanes 5, 6, 11, 12) . Because of the similarity of the PCE to a cAMPresponsive element (TGATGGACAG) within the CYP17 promoter, the ability of the PCE to mediate protein kinase A-inducible transcriptional activation was tested; however, transcription from the 4xPCE-CAT construct was less than twofold inducible by cotransfection with a protein kinase A expression vector (data not shown).
To further address the issue of the DNA binding speci®city of Pbx:NFPP and Pbx:Hox complexes, identical mutations were introduced into PRS and PCE elements and the eect of these mutations on complexation of Pbx and Hox proteins to the PRS in vitro were compared with their eects on binding of the nuclear complex. Seven of eight variants of the PCE exhibited no complex formation by Pbx and Hox proteins, while a GA 3' dinucleotide variant yield a low abundance complex (Figure 4c ). Each of these mutants exhibited unimpaired or strong binding to the Pbx-NFPP nuclear extract complex. To further contrast NFPP binding speci®city to that of Class I Hox proteins, the eects of nucleotide substitutions on the binding of Pbx-NFPP to a PCE was compared with the eect of the same mutations on binding of Pbx-Hox heterodimers to a PRS (Figure 4c ). Conversion of T5 to C, which creates a TGAC Pbx half-site, reduced Pbx-Hox heterodimer formation on the PRS by 95% while reducing the abundance of the Pbx-NFPP complex on the PCE by only 36%. Altering the A8 to G, the position predicted to contact the ubiquitous Asparagine 51 of the HD, extinguished Pbx-Hox binding to the PRS based element, but reduced binding of the cellular complex to the PCE by only 39%. Similarly, conversion of the dinucleotide at the 3' edge (positions 10/11) of the Hox core sequence to combinations known to destabilize Pbx-Hox binding (CC or AC) reduced Pbx-Hox complexation by 83% and 65% respectively, while having little eect on the binding of the endogenous complex. Conversion of this dinucleotide to GA increased binding of Pbx-Hox complexes to the PRS-based probe by 80%, but reduced binding of the cellular complex to the PCE probe by almost 60%. The same GA dinucleotide conversion mediated a small degree of Pbx:Hox complexation on the PCE, suggesting that Pbx:Hox complex may weakly associate with PCE elements if provided with optimal 3' dinucleotides, but providing further evidence that NFPP is not a Class I Hox protein because GA is clearly not optimal for NFPP. Collectively, these data suggest that Class I Hox proteins and NFPP exhibit dierent DNA-binding speci®cities.
Competition analysis suggests that Pbx-NFPP is the major cellular activity that binds a subset of Pbx-Hox motifs
The possibility that NFPP was the nuclear extract activity that bound the TGATTGAT Pbx-Hox motif was further tested by competition analysis. As expected, TGATTGAC competed more eectively than did TGATTGAT in disruption of a Pbx-NFPP complex from 697 pre-B and 293 epithelial cells formed on the PCE (Figure 5a and c) . Likewise, the cellular complex binding TGATTGAT was also competed more eectively by the PCE than by TGATTGAT (Figure 5b and d) , despite the fact that Pbx-Hox complexes fail to bind the PCE, suggesting again that the cellular complex that binds the PRS is not comprised of Pbx-Hox heterodimers but rather of Pbx-NFPP heterodimers.
Pbx-binding motifs in cellular promoters bind a partner similar to NFPP during gel shift analysis Promoter elements known to bind Pbx proteins were used as gel-shift probes in conjunction with nuclear extract from undierentiated and neuronally-differentiated P19 embryonal carcinoma cells, and the anities Figure 6 Pbx1-binding motifs in cellular promoters bind a partner similar to NFPP. (a) EMSA was conducted using NE from uninduced P19 cells (lanes 1 ± 2, 5 ± 6, 9 ± 10, 13 ± 14, and 17 ± 18) and P19 cells induced to undergo neuronal dierentiation with RA (lanes 3 ± 4, 7 ± 8, 11 ± 12, 15 ± 16, and 19 ± 20) and probes containing the speci®ed elements whose sequences are reported in Results. Probes used include the PCE (lanes 1 ± 4), repeat one of the Hox-B1 promoter (HoxB1r1:lanes 5 ± 8), repeat two of the Hox-B1 promoter (HoxB1r2: lanes 9 ± 12), repeat three of the Hox-B1 promoter (HoxB1r3: lanes 13 ± 16), and a PRS-like element from the Somatostatin promoter (lanes 17 ± 20). Complexes formed were tested for their ability to be supershifted by the cross-reactive RBb sera (lanes 2, 4, 6, 8, 10, 12, 14, 16, 18, and 20) . (b) Complexes formed on the PCE (b), the Hox-B1r3 (c), and the Somatostatin element (d) were tested for their ability to be disrupted by oligonucleotide competitors including the PCE, the Hox-B1r3, and Somatostatin element. For (b) ± (d), squares represent the PCE competitor, circles the HoxB1r3 competitor, and triangles the somatostatin element competitor of nuclear factors for these sites were subjected to competition with the PCE and with the promoter element itself. The human HoxB1 promoter contains three repeats that contribute to normal expression and bind a Pbx-containing complex (repeat 1; AGATG-GATGG, repeat 2; TGATTGAAG, and repeat 3; TGATGGATGG). Undierentiated P19 cells do not express Class I Hox genes, while P19 cells induced to undergo neuronal dierentiation by incubation in retinoic acid (RA) for 7 days expression Class I Hox genes. While the HoxB1 repeat 1 failed to form a complex that supershifted with the cross-reactive RPb serum (lanes 5 ± 8), repeats 2 (lanes 9 ± 12) and 3 (lanes 13 ± 16) bound Pbx-containing complexes from NE derived from cells both before and after RA-induced dierentiation, and this complex comigrated with those bound to the PCE (lanes 1 ± 4) . The somatostatin promoter contains the Pbx-binding motif, TTGATT-GATTT, which cooperates with an adjacent element that binds the STF1 homeodomain protein to form a minimal pancreatic beta cell-speci®c enhancer (Vallejo et al., 1992) . This sequence also bound a Pbxcontaining complex that comigrated with the complex bound to the PCE. Competition experiments demonstrated that the PCE was a more ecient competitor for disruption of complexes formed on both the HoxB1 and somatostatin promoter elements than were these elements themselves (Figure 6b ± d) , suggesting that they also bind Pbx-NFPP dimers in vitro.
Endogenous E2a-Pbx1 actively heterodimerizes with Hox proteins, but not with NFPP, suggesting that E2a-Pbx1 targets Pbx-Hox motifs, but not PCEs
The fact that NE from neither 697 cells nor NIH3T3 ®broblasts transformed by E2a-Pbx1 forms an E2a-Pbx1-containing gel shift complex on either the PRS or the PCE suggests that NFPP fails to dimerize with E2a-Pbx1, that NFPP is the Pbx partner on both elements, and that neither Pbx-Hox nor E2a-Pbx1-Hox complexes form detectable complexes on bona ®de in vitro Pbx-Hox motifs. This observation suggests that E2a-Pbx1 only substitutes for Pbx proteins in heterodimer complexes containing a permissive partner, the identity of which is dictated by the sequence of the 3' half-site. This hypothesis was armed by demonstrating that addition of recombinant HoxA5 was capable of producing a new E2a-Pbx1-containing complex bound to the PRS probe, but not to the PCE probe (Figure 7) . This complex, which was supershifted by addition of the cross-reactive anti-Pbx serum (lane 3) and was disrupted by addition of anti-E2a serum (lane 4) was formed exclusively on the PRS in nuclear extracts from 697 cells and was not formed on the PCE. Likewise, Pbx-HoxA5 complexes were also restricted in their formation to the PRS. HoxA5 formed monomeric complexes on the 5' TGAT portion of both probes as observed previously. (Lu et al., 1995) . Thus, as indicated in Figure 1 , E2a-Pbx1 retains active DNA-binding function in t(1;19)-containing cell lines, but it does not substitute for Pbx proteins in Pbx-NFPP complexes, and it is not observed in gelshift experiments because permissive partners, such as Hox proteins, are either not abundant enough or lack the ability to function as heterodimer partners due to post-translational modi®cation.
Discussion
In this study we utilize endogenous Pbx proteins in nuclear extracts to identify TGATTGAC (the PCE) as the highest-anity motif for Pbx-containing complexes, and we de®ne the biochemical properties of the complex that forms upon it. In a manner identical to that of DNA motifs selected by recombinant Pbx and Class I Hox proteins, the PCE contains two unspaced half-sites in which the Pbx binding site (TGAT) comprises the 5' half of the motif, suggesting that the orientation and juxtaposition of Pbx and a cellular factor (here designated NFPP) are similar to that of Pbx and Hox proteins. Numerous observations, however, suggested that NFPP is not a Class I Hox protein. Unlike Pbx-Hox motifs, the PCE contains a 3' TGAC motif, creating an overall sequence that is not recognized by Pbx-Hox heterodimers, and suggesting that while NFPP is a high-anity partner for endogenous Pbx proteins, it diers fundamentally from previously-characterized Class I Hox proteins. The Pbx-NFPP complex was further distinct in its recognition of a variant motif in which the third A in the NFPP binding core, which is essential for Pbx-Hox binding to TGATTGAT and which binds the invariant Asn 51 in the Hox HD, could be altered to G without appreciable loss of complex formation. The fact that a hydrogen bond between Asp51 of Hox HDs and this adenine is essential for binding of Hox proteins to their DNA targets suggests that NFPP may not be a HD protein (Desplan et al., 1988; Kissinger et al., 1990; Laughon, 1991; Gehring et al., 1994) . NFPP was also distinct from Class I Hox proteins in its failure to form heterodimers with endogenous E2a-Pbx1, even though E2a-Pbx1 was active as demonstrated by its ability to heterodimerize with exogenous HoxA5 on a PRS. RPb sera TGATAG TGACAG 697NE Nalm-6NE HoxA5 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 E2A-PbxHoxA5 -Pbx--HoxA5 Pbx--NFPP HoxA5 - Figure 7 Endogenous E2a-Pbx1 heterodimerizes with a subset of Pbs partners. Exogenous Hox-A5 was added (lanes 2 ± 4, 6 ± 8, 10 ± 12, 14 ± 16) to gel-shift reactions formed on the PRS (lanes 1 ± 8) or PCE (lanes 9 ± 16) probes and using nuclear extracts from 697 (lanes 1 ± 4, 9 ± 12) or Nalm-6 (lanes 5 ± 8, 13 ± 16) cells. The cross-reactive RPb rabbit serum was added to lanes 3, 7, 11, and 15 and an anti-E2a serum to lanes 4, 8, 12, and 16. The free probe was run o the bottom of the gel Finally, the fact that NFPP was present in NE from uninduced P19 cells, which generally do not express Class I Hox proteins suggests that NFPP is not a Class I Hox protein (Simeone et al., 1990 (Simeone et al., , 1991 Zwartkruis et al., 1993) , and failure of NFPP to heterodimerize on elements containing 3' TAAT or TTAT core half-sites indicates NFPP is not a Hox protein from paralogues 3 ± 8, which have been shown to prefer binding to such 3' cores in conjunction with a 5' TGAT half-site (Chang et al., 1996; Lu and Kamps, 1996) . Failure of E2A-Pbx1 to heterodimerize with NFPP is important because it suggests a model of leukemogenesis in which E2A-Pbx1 and Pbx proteins diverge in function at the level of heterodimeric, DNA-binding speci®city. Three types of binding sites would be proposed in such a model. The ®rst, a canonical PCE would be insensitive to the activity of E2a-Pbx1 because its partner, NFPP, fails to heterodimerize strongly with E2a-Pbx1. The second class of elements, represented by TGATTGAT, could bind either PbxHox or Pbx-NFPP heterodimers in vivo, and introduction of large amounts of E2a-Pbx1 as a consequence of the t(1;19) translocation would introduce a new E2a-Pbx1-Hox heterodimer that could bind such sites and compete with both Pbx-NFPP and Pbx-Hox heterodimers for occupancy. The third category of site is represented by TGATTTAT or TGATTAAT, two Pbx-Hox motifs that fail to bind appreciable Pbx-NFPP complexes. In this case, E2a-Pbx1 would compete with Pbx proteins for the same set of partners, Hox proteins, to bind this type of recognition motif. In vivo, therefore, genes containing TGATTAAT or TGATTTAT elements would be predicted to be most sensitive to transcriptional activation by E2a-Pbx1, while those containing only the PCE should be more refractile. The inability to detect E2a-Pbx1 gel shift complexes on TGATTAAT, TGATTTAT, and TGATTGAT site, as well as on the PCE in nuclear extracts from t(1;19) cells, suggests that if E2a-Pbx1 heterodimerizes with endogenous Hox proteins, these complexes are undetectable in gel shift assays, possibly because of their low abundance or rapid o-rates.
What is NFPP? Several transcription factors bind half-sites containing TGAC, including members of the AP-1 and CREB/ATF families (Kerppola and Curran, 1993) . While NFPP could be a member of either of these families, AP1 and CREB/ATF oligonucleotides failed to disrupt Pbx-NFPP complexes and the PCE oligonucleotide had little eect on the abundance of AP1 or CRE/ATF complexes bound to their recognition motifs, while addition of AP1 or CREB/ ATF oligonucleotides eliminated such binding (data not shown). These experiments indicate that NFPP is not a components of AP1 or CREB/ATF. The possibility that NFPP is a HD protein but not a Class I Hox proteins is supported by studies of the DNA binding speci®city of Hox11 (Tcl-3), a human oncoprotein linked with T cell actue lymphocytic leukemia. A HD fragment of Hox11 binds TAAC and to a lesser extent TAAT (Dear et al., 1993) , while full-length Hox11 exhibited a preference for binding TAAG (Tang and Breitman, 1995) . The ability of Hox11 to recognize bases other than T at the fourth position of its binding site is due to the presence of a unique threonine residue at position 47 of its HD, which when mutated to isoleucine interconverts DNAbinding speci®city from TAAC to TAAT (Dear et al., 1993) . A HD protein preferring a TAAC core could easily alter its second-position DNA-binding speci®city to TTAC or TGAC in conjunction with Pbx1, as observed for Class I Hox proteins, and thus account for the activity that cooperates with Pbx proteins on the PCE. In contrast, NFPP might not be a HD protein. An example of such interaction between a HD and non-HD protein is illustrated by the ability of the MADS box transcription factor, serum response factor (SRF), to dimerize with members of the prd class of HD proteins on speci®c elements (Grueneberg et al., 1992) . The fact that NFPP may not be a Hox protein is signi®cant because Hox and Hox-related proteins are the only known partners of the Pbx family of proteins and have been presumed to be the dominant coregulators with both Pbx proteins and E2A-Pbx1.
Formally, NFPP could be another Pbx protein, the complex being comprised of Pbx homodimers, such as Pbx2/Pbx2, or Pbx heterodimers, such as Pbx3/Pbx2 heterodimers. However, if Pbx proteins dimerize, it is unlikely that they form homodimers, because recombinant Pbx1 does not dimerize on the PCE, and endogenous Pbx2 does not appear to dimerize on the PCE, evidenced by the fact that addition of ®vefold more anti-Pbx2 N-terminal peptide sera did not produce a second supershift band that would be indicative of the binding of two antibody molecules. If Pbx heterodimers do form in vivo, the fact that the 3' half-site of TGAC is paired with the 5' half-site of TGAT would suggest that dimerization alters the DNA binding speci®city of the Pbx protein bound to the 3' half-site such that it now prefers a TGAC site. Interestingly, TGACT-GAT probes can mediate weak Pbx1 : Hox dimerization suggesting that Pbx2 can bind a 5' TGAC halfsite (Knoep¯er, unpublished observation) and indicating that dimerization of Pbx proteins on the PCE is at least theoretically possible in terms of DNAbinding speci®city, though it is not directly supported by any data at this point.
A screening of the eukaryotic promoter data base of genbank reveals several promoters that contain perfect core PCE sequences, TGATTGAC (Altschul et al., 1990) . The PCE is highly conserved in the promoters of the chorion A and B late gene families of B. morai. Analysis of the A/B.L12 chorion bi-directional promoter in B. morai determined that a mutation encompassing the PCE reduces promoter activity more than 100-fold (Spoerel et al., 1993) and the PCE is in a promoter region required for in vivo expression. Homologs of Pbx and NFPP could form a complex on the chorion promoter, however, transcription factors important for regulation of chorion gene expression are only beginning to be characterized and there is no direct evidence for a role for a Pbx homolog. The promoters of several other genes also contain perfect PCE sequences (human beta-2 tubulin, mouse interferon a5, frog albumin, rat PEPCK, hepatic cs, adeno-associated virus 2, and duck hepatitis B virus); however, their relevance in transcriptional regulation is unknown.
What is the activity (Funk and Wright, 1992) . During a screen of a random oligonucleotide library for high anity myogenenin heterodimer binding sites using a myogenin antibody, a strong selection of E-box motifs juxtaposed to PCE motifs were observed. This interaction was demonstrated to be important for increasing the stability of the myogenin complexes formed on E-boxes. Furthermore, while neither the PCE nor the E-box alone mediated signi®cant transcriptional activation, together they yielded robust transcriptional activation. This suggests that Pbx : NFPP complexes can potentiate transcriptional activation by myogenin heterodimers. Understanding the basis of this form of physical and functional cooperation is clearly essential to understanding the transcriptional role of Pbx proteins. Importantly, the fact that the TGATTGAT site in the somatostatin promoter, which eciently binds Pbx-NFPP, also synergizes with an adjacent site that binds the STF-1 homeodomain protein to create a minimal tissue-speci®c enhancer element reiterates a model in which heterodimers containing Pbx may cooperate with cell-type speci®c factors, such as STF-1 or myogenin, to orchestrate tissue-speci®c gene transcription. Further detailed analysis of these activities must await the cloning of NFPP and analysis of its function in conjuction with Pbx proteins.
Materials and methods

Selection of in vivo binding sites by immunoprecipitation of Pbx-containing heterodimers
A random double-stranded oligonucleotide library was prepared using the 3' reverse primer, TGAACAGCTCTA-GAGCATGC (no.1), and the 5' forward primer, TACTGTCTGGATATCCTAGC (no.2) to amplify the degenerate oligonucleotide, TACTGTCTGGATATCC-TAGC-25N-GCATGCTCTAGAGCTGTTCA, using two cycles of PCR. The double-stranded library was subjected to 9 rounds of selection/PCR ampli®cation, using RPa serum. For selection, 10% of the PCR product was incubated with 1 ml of anti-Pbx1 serum, 2 ml of dI : dC (1 mg/ml), 25 ml of 697 NE (1.0 mg/ml), and 162 ml of IP buer (10 mM Tris, pH 7.5, 75 mM NaCl, 0.05% NP40, 1 mM EDTA, 1 mM DTT, 10% glycerol, 1% BSA) for 1 h at 48C followed by addition of 20 ml of protein G sepharose for 20 min. The sepharose was washed ®ve times using 500 ml of IP buer followed by one wash in IP buer without BSA. Bound DNA was eluted in 100 ml of water by boiling for 5 minutes, followed by phenol/ chloroform extraction precipitation, and resuspension in 10 ml of water. Ampli®cation was for 20 cycles of PCR unless double stranded product was detected earlier as monitored every 5 ± 10 cycles. The PCR was conducted as follows: 10 ml of selected DNA, 5 ml of PCR buer, 2.5 ml of dNTPs (5 mM), 4 ml of primers no.1 and no.2 (10 pmol/ ml), 27.5 ml water, 1 ml of Taq polymerase. Cycles consisted of 948C, 1 min, 528C, 2 min and 728C, 2 min. Selected inserts were cloned in pBSK ± cut with XbaI and EcoRV and sequenced.
Pbx antisera
Two anti-Pbx rabbit sera generated against a GST-fusion protein containing the portion of Pbx1 in E2a-Pbx1 (Kamps et al., 1991) . These two antisera are designated, RPa and RPb, for rabbit Pbx1 antiserum A and B. RPa serum was used for the selection process while RPb was utilized for gelshift analysis. Two commercially available antisera (Santa Cruz Biotechnologies) were also used: one speci®c for Pbx2, designated aPbx2 and one that cross-reacts between Pbx1, Pbx2, and Pbx3, designated aPbx123.
CAT assays
These assays were conducted in Nalm-6 cells as previously described (Lu et al., 1994) using pL1fos CAT vectors containing concatomerized elements constructed from annealed complementary oligonucleotides, except lipofectamine was used for transfections rather than calcium phosphate.
Immunoprecipitation 32 S-labeled in vitro transcribed and translated proteins were immunoprecipitated using RPa serum in the presence or absence of 1 mg of double-stranded DNA, separated by SDS ± PAGE, ®xed, enhanced, dried and subjected to autoradiography.
Mutagenesis
Hox A5 cDNA was mutated using the Muta-gene phagemid in vitro mutagenesis kit (Biorad). Point mutations were created by annealing oligos with the appropriate mismatches to single-stranded phagemid DNA, followed by synthesis of double-stranded DNA and transformation.
In vitro transcription/translation
In vitro transcription/translation was performed using the Promega TNT Coupled Reticulocyte Lysate System according to the manufacturers protocol. All cDNAs were transcribed using SP6 polymerase from pGEM 3Z or pGEM4Zf vectors.
Electrophoretic mobility shift assays (EMSA)
Double-stranded oligonucleotides were labeled with [ 32 P]-ATP to the same speci®c activities by phosphorylation of a common reverse oligonucleotide that was annealed to the 3' portion of oligonucleotides containing dierent DNAbinding motifs, and then ®lled in using dNTP's and Klenow polymerase. Bound and free probe was separated by electrophoresis in 15% acrylamide gels formed in 0.5X TBE (27 mM Tris; 27 mM boric acid; 0.6 mM EDTA) and run in the same buer. For EMSA, 20 000 c.p.m. of probe was incubated with 3 ± 6 ml of in vitro translated proteins in the presence of 1 mg of poly (dI : dC) in a buer containing 10 mM Tris (pH 7.5), 1 mM DTT, 0.1% NP-40, and 5% glycerol for 30 min at room temperature. 6% EMSA gels were dried and visualized by autoradiography. Abundance of mutant and wild-type Hox-A5 proteins was normalized by performing parallel transcription-translation reactions in the presence of [
35 S]-methionine. For oligonucleotide competition assays, double-stranded, unlabeled oligonucleotides were mixed with labeled probe prior to initiating gel shift assays. Complex abundances were measured using a phosphoimager.
Nuclear extraction
Cells were washed with cold PBS and resuspended in 5 6 cell volumes of buer A, swollen 10 min, and dounced 20 6 with the A pestal to free nuclei. Nuclei were spun down, washed in buer A (10 mM Hepes(pH 7.9), 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM DTT, 1.0 mM PMSF, and 0.1% aprotinin) and extracted with three nuclear volumes of buer C (20 mM Hepes(pH 7.9), 25% glycerol, 0.42 M NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM DTT, 1.0 mM PMSF, and 0.1% aprotinin) for 1 h. Following centrifugation, the supernatant was dialyzed against 100 volumes of buer D (20 mM Hepes(pH 7.9), 20% glycerol. 0.1 M KCl, 0.2 mM EDTA, 0.5 mM DTT, 1.0 mM PMSF, and 0.1% aprotinin) overnight at 48C, respun, and the last supernatant was assayed for protein concentration before storing at 7808C. 1 mg of nuclear extract was used for EMSA.
